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Introduction
Acute damage to the tissue in spinal cord injury (SCI) results in mechanical disruption, haemorrhages and ischaemia, which after 48 h (Kwiecien, unpublished) are followed by a severe inflammatory infiltration [57] that soon becomes directed primarily against damaged myelin and is primarily represented by macrophages [11, 12, 27, 49, 58] . This secondary inflammation in the spinal cord white matter is known as leukomyelitis, and is a well-recognized pathological process whose mechanisms are not well understood. Neuropathological evidence indicates that leukomyelitis is a chronic, tissue destructive process, probably sustained by a mechanism of a vicious cycle where massively damaged myelin acts in a potently pro-inflammatory fashion [33] , attracting a large number of blood-borne macrophages which when activated, phagocytise damaged myelin and, in the process release a variety of pro-inflammatory factors that cause additional tissue damage involving more myelin damage and macrophage chemotaxis [3, 18, 19, 29, 30, 39, 48, 50, 56, 60] . Al though actively expanding leukomyelitis in the rat Main Street West, Hamilton, Ontario, Canada L8S 4K1, phone: 905-525-9140, fax: 905-522-3580ext. 22827, e-mail: Kwiecien@mcmaster.ca runs well beyond 2 months [33] , its total duration is not known in experimental animals and in human patients, but this severe inflammatory process is self-limiting, indicating unknown anti-inflammatory factors in the surrounding tissue. Since the long duration of leukomyelitis is associated with an expanding volume of irreversibly destroyed tissue of the spinal cord [18] and with progressive loss of neurologic function, the inhibition of this process was attempted in this study.
Methylprednisolone succinate (MPS), a powerful synthetic glucocorticoid derivative, is currently the only approved treatment of spinal cord injury patients. In the standard treatment, an SCI patient follows the National Acute Spinal Cord Injury Study (NASCIS) recommendation and is given an intravenous bolus injection of 30 mg/kg body weight (b.w.) of MPS that is followed by 24-48 hours of intravenous infusion at 5.4 mg/kg b.w./hour [6, 7] . This treatment is widely considered as not successful in improving the outcome in the treated SCI patients versus non-treated individuals [17, 45] . Severe side effects related to very high doses of MPS have been described in human patients; they include wound infection, pneumonia, sepsis and steroid myopathy and add to the problematic therapeutic value of this treatment [40] . In a study performed on cats, a 30 mg/ kg b.w. intravenous (i.v.) bolus of MPS was found to translate into 1.3 mg/g (or 0.004% of total injected) of wet tissue of the spinal cord [8] . The authors of this study determined that the half life of MPS in the spinal cord tissue was 3 h and recommended a 15 mg/ kg b.w. injection i.v. every 3 hours to maintain this tissue level. These data indicate that intravenous administration of large quantities of MPS may not translate into its therapeutic effectiveness in the SCI at the tissue level. In addition, since leukomyelitis is a chronic inflammatory process, for an anti-inflammatory therapy to be effective, it should likely be administered in a sustained fashion, well beyond a single intraperitoneal (i.p.) injection of 30 mg/ kg b.w. [32, 42, [53] [54] [55] , or multiple i.p. injections over 48 h [24] , or single intravenous (i.v.) injection of 30 mg/kg b.w. [13, 15, 23, 28, 41] or multiple i.v. injections within 24 h [43] , or 30 mg/kg b.w. bolus i.v. followed by maintenance 5.4 mg/kg b.w. per hour for 24 h [25] . A short-term intrathecal administration [62] as performed in some experiments on SCI rats or a single i.v. injection of 30 mg/kg b.w. [64] or a bolus i.v. injection of 30 mg/kg b.w. followed by i.v. injections of 5.4 mg/kg b.w. every 2.5 h [37] in rabbit models of SCI, or single or multiple doses of 15-60 mg/kg b.w. i.v. in a cat model of SCI [1, 9] , were also attempted. The NASCIS 24-48-hour intravenous protocol is available to human patients [6, 7, 63] , but it is not considered efficacious.
In the present study we adopted an epidural spinal cord injury method with a crush effected by a temporarily inflated balloon [61] to create an injury and initiate leukomyelitis. We infused the crush lesion subdurally with dexamethasone, a stable and more powerful substitute for MPS, delivered over a period of 1 week, which resulted in a virtually absent infiltration by macrophages that we interpret as inhibition of leukomyelitis.
Material and methods
Experiments on rats were conducted at the Central Animal Facility, McMaster University, after approval by the Animal Research Ethics Board according to the guidelines by the Canadian Council on Animal Care.
Balloon compression spinal injury
A total of 13 mature Long Evans rats of both sexes were induced and maintained under isoflurane anaesthesia. Balloon crush injury was adopted from Vanicky et al. [61, 62] . Laminectomy was performed over the lumbar region of the spinal cord and a 3F embolectomy catheter (ZTS Hagmed, Poland) was inserted epidurally over the dorsal spinal cord to place the balloon in the rostral thoracic segment of the spinal cord. The sleeve of the catheter was filled with saline, and the balloon was inflated with 0.2 ml of saline using a Hamilton syringe (VWR International) for 5 s. After the compression evidenced by sudden movement of the hind legs, the balloon was deflated and the catheter carefully removed.
Subdural infusion
Immediately after the balloon crush, in the laminectomy site in the lumbar spine the dura was cut with a 25 gauge needle and a rat intrathecal catheter (Alzet, Durect Corporation, Cupertino, CA) was carefully inserted into the subdural space over the dorsal spinal cord to approximate the end of the catheter with the site of the balloon crush. After the steel wire was removed from the catheter, the free end was attached to a 2 ml osmotic pump with infu-sion time of 1 week (Alzet) that was pre-loaded with 2 ml of dexamethasone (Dexamethasone 2, 2 mg/ ml, Vetoquinol N-A. Inc, Lavartrie, Quebec, Canada) in 5 rats (dexamethasone treatment group, n = 5) or 2 ml of phosphate buffered saline (PBS) pH 7.2 in 5 rats (control treatment group, n = 5). The attached pump was placed subcutaneously on the flank of the rat. The surgery rats were injected subcutaneously with 5 ml of saline and 0.3 ml of ketoprofen (10 mg/ ml, Anafen, Merial Canada, Inc., Baie d'Urfe, Quebec, Canada) for analgesia prior to recovery from anaesthesia. The injections of analgesic were repeated once daily for 2 more days, and administration of saline was performed 1-2 times daily as indicated by the hydration status. Three additional rats were subjected to the balloon crush and perfused at 2 h post-surgery to serve as acute controls.
Clinical observations
All 13 rats with the balloon crush injury recovered well and had marked paresis or complete paralysis of the hind end throughout the 1 week of survival. Rats treated with dexamethasone were doing progressively poorly after post-op day 4. They were lethargic, dehydrated, the food intake was markedly reduced or nil, and the body condition was deteriorated. Rats treated with PBS remained in good health except for motor neurologic deficits. At post-op day 6, open field behavioural testing was attempted on the rats, but it was deemed inconclusive due to pronounced weakness in dexamethasone-treated rats.
Perfusions
At post-op day 7, the surgery rats were overdosed with 100 mg/kg b.w. sodium barbital (Ceva, France), the chest was opened and 100 IU sodium heparin intracardiac injection was administered. The blood was washed out by lactated Ringer's solution (Baxter, Canada) via the left cardiac ventricle with the outflow created by cutting the right heart auricle [34] . The animals were perfusion-fixed in 10% buffered formalin, carcasses post-fixed at 4°C for 1-3 hours and the spinal cord removed carefully and post-fixed in 10% formalin. Other routine tissues -the brain, mandibular salivary glands, thyroid glands, trachea, oesophagus, lung, heart, diaphragm, liver, spleen, kidney, pancreas, duodenum, caecum, colon, testis, epididymis, sexual glands, ovary, uterus, cervix and urinary bladder -were also sampled for histological analysis.
Histology, immunohistochemistry
The length of the spinal cord was sectioned transversely into 2 mm thick segments with the cranial face placed down in the tissue cassette. The tissues were treated by raising concentrations of ethyl alcohol and xylene, embedded in paraffin, cut 4 mm thick and mounted on glass slides. Histochemical stains used included the routine haematoxylin and eosin (H&E) stain, periodic acid-Schiff (PAS) to stain intracellular carbohydrates indicative of active phagocytosis [59] and Luxol fast blue (LFB) for myelin [59] . For immune stains, the glass-mounted sections were heated at 58°C overnight and deparaffinised in a Target Retrieval Solution, pH buffer (DAKO) at 97°C for 20 min in a DAKO PT Link Pre-Treatment Module for Tissue Specimens PT101 apparatus. Antibodies against the CD68 antigen and against the glial fibrillary acidic protein (GFAP) were obtained from DAKO Corp., were applied at a 1 : 50 dilution, and the positive reaction was visualized with DAKO EnVision+System-HRP (DAB+). The histological analysis was performed under a Nikon Eclipse 50i microscope and the abnormalities in the spinal cord and in other tissues photographed.
Results

Clinical observations
All rats recovered well from the surgery and had hind end paralysis. Some of the rats developed paralysis of the urinary bladder requiring manual expression of urine from a distended bladder 3-4 times a day. Although the untreated rats did well until the end of the study, rats treated with dexamethasone did poorly after day 4 post-op and were treated with subcutaneous saline 10 ml, 1-2 times a day until the sacrifice.
Although open field testing of the rats was attempted at post-op day 6, it was inconclusive, since the dexamethasone rats were remarkably weak and the motor function could not be assessed in relation to the spinal cord injury.
Histology, immunohistochemistry
In rats perfused 2 hours after the balloon crush surgery there was a tear of a large proportion of the dorsal column (Fig. 1 ) resulting in its separation from the surrounding tissue of the spinal cord. The separation contained discontinuous haemorrhages, but there was no evidence of active demyelination (Fig. 1B,E) or of infiltration by phagocytic cells (Fig. 1C,F) .
In untreated rats at 1 week post-op the dorsal column was obliterated by a severe inflammatory exudate directly connected with the subdural space ( Fig. 2A-C) composed predominantly of mononuclear cells containing an oval or round nucleus surrounded by abundant, often microvacuolated cytoplasm (Fig. 2D ) staining positively with LFB (Fig. 2E) for internalized myelin debris and often staining positively with PAS (Fig. 2F) , which indicates active phagocytosis [59] . Free, un-phagocytized red blood cells and LFB-positive debris were not apparent in the inflammatory exudate ( Fig. 2D-E) . The phagocytic cells were interpreted as macrophages, some of which stained or stained weakly with anti-CD68 antibody (Fig. 2G ) even though this antibody labelled well numerous monocytes in the lumen of blood vessels in the adjacent tissue (Fig. 2H) . The area of inflammation was called leukomyelitis, inflammation of the white matter of the spinal cord, and it was surrounded by remarkable astroglial reaction with GFAP-positive, enlarged, hypertrophied astrocytes in the band of tissue 100-150 mM thick surrounding the leukomyelitis (Fig. 2I-J) .
In rats treated for 1 week with subdural infusion of 4 mg dexamethasone, the cavity of the crush was directly connected to the subdural space (Fig. 3A) and contained many free, un-phagocytized red blood cells (Fig. 3B) and debris that were positive on the LFB stain (Fig. 3C) and considered damaged myelin. There were rare phagocytic cells positive on the PAS stain and rare cells labelled positive with CD68 antibody scattered throughout (Fig. 3D-E) . In the tissue surrounding the cavity of the crush, the GFAP stain revealed a band of astrogliosis, approximately 100-150 mM wide (Fig. 3F) , with apparently increased numbers of markedly hypertrophied astrocytes (Fig. 3G) .
In both dexamethasone-treated and un-treated rats in areas of the spinal cord at a distance, caudal to and separate from the lesion cavity, there were foci of haemorrhage in the dorsal column (Fig. 4A) surrounded by phagocytic cells with brown, finely granular material in the cytoplasm interpreted as haemosiderin (Fig. 4B) . Although haemorrhages were not accompanied by loss of myelin (Fig. 3C ), many scattered cells had PAS-positive cytoplasm (Fig. 4D) , and there was astrogliosis in the surrounding tissue (Fig. 4E) . Histological analysis of extraneural tissues in rats treated with dexamethasone revealed remarkable organ pathology including splenic lymphoid atrophy, hepatic degeneration, kidney calcinosis, atrophying myopathy, colitis, degenerative changes in the islets of Langerhans in the pancreas and hemorrhagic cystitis. Analysis of extraneural tissues in the un-treated rats was not remarkable.
Discussion
In this study we successfully inhibited a severe phagocyte-rich inflammatory reaction to a spinal cord injury. Leukomyelitis, inflammation of the white matter in the spinal cord, was initiated by massive damage to the white matter in the dorsal column by means of crushing by an inflated catheter balloon placed epidurally. Subdural infusion of dexamethasone, a powerfully anti-inflammatory, stable, synthetic analogue of glucocorticoids, allowed for circumvention of the blood-brain barrier and apparently for achieving a sufficiently high concentration of this drug in the cerebrospinal fluid in proximity of the crush lesion to prevent severe, phagocyte-rich inflammation. Since the crush cavity was directly connected with the subdural space, it is considered that dexamethasone diffused from the subdural space into the crush cavity and thus inhibited massive infiltration by macrophages, therefore effectively arresting destruction of the neural tissue surrounding the cavity of the crush by the inflammatory process of leukomyelitis.
Although methylprednisolone has previously been used to treat spinal cord injury [6, 7] , this drug is unstable in an aqueous solution beyond 24 hours, and in this study we used a more stable and 7 times more powerful [20] glucocorticoid analogue, dexamethasone. Anti-inflammatory activities of dexamethasone are powerful and multifactorial [20] . In vitro, dexamethasone can suppress phagocytosis by activation of murine peritoneal macrophages [4, 5] , which parallels reduction in the lysosomal secretion [22] , with the reduced secretion of the lysosomal elastase [14] , arachidonic acid [5] , prostaglandins [10] , thromboxane B2 and leukotriene B4 [21] . Dexamethasone inhibited the proliferation of macrophages after their activation by oxidized low-density lipoprotein, which coincided with the reduction in the levels of the granulocyte/macrophage colony stimulating factor in one study [52] , and inhibited the differentiation of macrophages into multinucleated osteoclasts, bone-lysing cells, in another [46] . Other in vitro studies determined that a lipopolysaccharide-activated macrophage ability to kill mastocytoma tumours was inhibited by dexametha sone in parallel with the reduced glucose uptake by treated macrophages [44] , the latter observation having been confirmed in another study [51] . Dexamethasone inhibits the toxicity of macrophages by reducing their nitric oxide production [36] , and by related inhibition of inducible nitric oxide synthase [31] . In an in vivo study using a balloon injury of femoral arteries in the rabbit, daily administration of intramuscular 1 mg/kg b.w. dexamethasone resulted in a remarkable reduction of the macrophage accumulation in the wall of the damaged arteries coincident with the reduced expression of monocyte chemoattractant protein-1 [47] . This treatment did not, however, affect the levels of circulating monocytes, the adhesion of monocytes to the vascular endothelium or their ability to migrate [47] , indicating that although anti-inflammatory activities of dexamethasone are powerful and multifactorial, there are a number of mechanisms of inflammation that this drug does not affect.
In our model of leukomyelitis, dexamethasone inhibited accumulation of macrophages in the cavity of the crush by mechanisms we did not investigate. In rats not treated with dexamethasone we observed widespread phagocytic activity of macrophages with the internalization of LFB-positive myelin debris. Free, LFB-positive, myelin material was not observed in the lesion cavity in the untreated rats. In contrast, large amounts of LFB-positive material remained free in the cavity of injury in the dexamethasone-treated rats, presumably because it was not removed by macrophage phagocytosis. Given the severity of the inflammatory response following the massive myelin damage in our model of the spinal cord injury and complete internalization of myelin debris by macrophages, the notion of severe pro-inflammatory activity of damaged myelin appears appropriate. Therefore, inhibiting its internalization by macrophage phagocytosis in dexamethasone-treated rats allowed us to postpone the onset of leukomyelitis for 1 week but not to eliminate it. Clearly, potent pro-inflammatory activity of non-phagocytized myelin debris in the crush lesion will need to be addressed in future studies where an effective but non-toxic anti-inflammatory treatment is administered for a longer period of time to SCI Dexamethasone inhibits leukomyelitis rats, allowing perhaps for elimination of damaged myelin by mechanisms not requiring phagocytosis with the associated tissue destruction.
Although the mouse anti-human CD68 antigen antibody used in this study labelled well intravascular monocytes in the neural tissue surrounding the cavity of injury, only a proportion of mononuclear cells in the cavity of injury were labelled. This antibody was selected due to its reliable labelling of macrophages in formalin-fixed and paraffin-embedded tissues [16] . Since a virtually uniform population of cells internalizing the LFB-positive material had a round to oval nucleus, and abundant, microvacuolated cytoplasm that often stained positive on the PAS reaction, we consider them macrophages and suggest that the patchy labelling with the anti-CD68 antibody may be indicative of dynamic changes in the surface epitopes of macrophages potently activated by damaged myelin.
The evidence of reactive astrogliosis in the spinal cord tissue surrounding the cavity of leukomyelitis is consistent with astrogliosis around stroke lesions [2, 38] . Although the role of astrogliosis in progression of leukomyelitis is unknown, old lesions in the spinal cord, also known as syringomyelia, that are filled with clear cerebrospinal fluid and do not contain inflammatory cells, are invariably surrounded by a wall of hypertrophied astrocytic processes [26, 35] . Interestingly, the high dose of dexamethasone used in this study did not appear to have an inhibitory effect on astrogliosis despite being potently inhibitory to phagocytosis.
Evidence of acute haemorrhages in areas isolated from the site of the injury is indicative of fragility of blood vessels of the spinal cord in post-traumatic rats. Although the precise mechanism of acute haemorrhages is unknown, it is important to emphasize that the movement of the rats was not restricted post-operatively and the potential for movement of the spinal cord remained. This observation may serve as supportive evidence for the need to immobilize the spine of the traumatized patients, apparently to prevent additional haemorrhages after the initial spinal cord injury.
